Stimulated by a universal seesaw mass matrix model which can successfully give quark masses and CKM matrix elements in terms of charged lepton masses, the evolution of the seesaw mass matrices is investigated. Especially, an energy scale at which the parameters characterizing between quark and lepton mass matrices are unified is evaluated.
Introduction
Recently, on the basis of a universal seesaw mass matrix model [1] , a phenomenologically successful mass matrix model, the so-called "democratic seesaw mass matrix model" [2] , has been proposed. The model can successfully give quark mass ratios and Cabibbo-Kobayashi-Maskawa (CKM) [3] matrix elements in terms of charged lepton masses. However, in order to fit the quark mass values (not the ratios) to the observed quark mass values at µ = m Z , a parameter (m 0 κ/λ) in the mass matrix must be taken as (m 0 κ/λ) u ≃ (m 0 κ/λ) d ≃ 3 × (m 0 κ/λ) e , where the suffixes u, d and e denote up-quark, down-quark and charged lepton sectors, respectively. The purpose of the present paper is to see whether such a factor 3 can be understood by the difference between the evolution of the Yukawa coupling constants of quarks and that of leptons from an energy scale Λ Y U to m Z . Evolutions of the gauge coupling constants are also investigated and a possibility of the unification of the gauge coupling constants at an energy scale Λ GU T is sought for. Regrettably, we will find that there is not a scenario with Λ Y U = Λ GU T .
The mass matrix for fermions (f, F ) has been given by 1) where f i (fermion sector names f = u, d, ν, e; family numbers: i = 1, 2, 3) denote quarks and leptons, F i denote hypothetical heavy fermions F = U, D, N and E correspondingly to f = u, d, ν and e, and Z L , Z R and Y F are matrices of the order one. The 3 × 3 matrices m L and m R are symmetry breaking mass terms of SU(2) L and SU(2) R , respectively, and those have common structures independently of the fermion sector names f . Only M F has a structure dependent on the sector name f . The charged leptons and down-quarks (f = e, d)acquire the well-known "seesaw masses" [1, 4] 
F m R , while, for the up-quark sector, since the model assumes detM F = 0, the third up-quark (i.e., top-quark) acquires a mass of the order of m L [2, 5] . The mass hierarchy of the fermions (except for neutrino sector) is summarized in Table I, where energy 
In order to obtain explicit numerical predictions on the quark mass ratios and CKM matrix elements, the following assumptions are put on the model [2] : We assume 4) and we take b e = 0 and b u = −1/3 for the charged lepton and up-quark sectors, respectively. Then, for κ/λ ≪ 1, we obtain 6) independently of the value of κ/λ. Furthermore, if we take
we can obtain [2] reasonable mass ratios [not only the ratios m The successful prediction in Ref. [2] for quark mass ratios at µ = m Z has been brought by the parametrization
while if we want to fit the quark mass values to the observed running quark mass values at µ = m Z , we must take the value of (m 0 κ/λ) u as
We consider that the ratio R(µ) takes R = 1 at an energy scale Λ Y U and the ratio R(m Z ) ≃ 3 is brought by the evolutions of the mass matrices m L , m R and M F (i.e., the corresponding Yukawa coupling constants y L , y R and y S ) from µ = Λ Y U to µ = m Z . If it is true, what constraints does this impose on the model? For example, as we discuss later, a scenario for neutrino mass generation is related to the energy scale Λ R at which SU(2) R is broken. What constraint does the requirement (1.8) impose on the energy scale Λ R ?
In order to obtain a clue to the theoretical background of the democratic seesaw mass matrix model which is, at present, only a phenomenological model, in the present paper, we investigate the evolution of the seesaw mass matrices (1.1) with a special form given by (1.2) and (1.3) under the SU(3) c ×SU(2) L ×SU(2) R ×U(1) Y gauge symmetries.
Energy scales and fermion masses
Prior to the discussion of the evolutions, we shortly review the fermion mass generation at each energy scale µ.
In the present model, the fermions Table II . Also, in Table II , the quantum numbers of the Higgs bosons φ L = (2, 1), φ R = (1, 2) and Φ = (1, 1) are listed.
At an energy scale µ = Λ S , the singlet Higgs boson Φ has a vacuum expectation value (VEV) Φ 0 = v S , so that the fermions F L and F R , except for F i = U 3 , acquire large masses M F of the order of Λ S . Hereafter, for convenience, we use a quark-family basis (we will call it "diagonal basis") on which the mass matrices M F are diagonalized, i.e.,
instead of the "democratic basis" (1.4) . At an energy scale µ = Λ R , the SU(2) R doublet Higgs boson φ R has VEV φ 0 R 0 = v R / √ 2, so that the fermion pair (u R3 , U L3 ) acquires a mass of the order of
] acquires a mass of the order of Λ L and the remaining fermions f , except for f = ν, acquire the seesaw masses of the order of Λ L Λ R /Λ S .
We consider that the Yukawa coupling constants are given by
at an energy scale µ = Λ Y U . Hereafter, we call the regions Λ L < µ ≤ Λ R , Λ R < µ ≤ Λ S and Λ S < µ ≤ Λ Y U by the regions I, II and III, respectively.
The mass hierarchy of these fermions (except for neutrino sector) has already been summarized in Table I . On the other hand, for neutrino mass generation, at present, we consider two scenarios as follows.
The most naive application of the model to the neutrino sector is to consider that the heavy neutral leptons N acquire their masses M N at an ultra-high energy scale (for example, we regard it as Λ Y U ) differently from other heavy fermions F which acquire their masses M F at µ = Λ S , so that the masses of the conventional neutrinos (Dirac neutrinos) are given by
In order to give m ν ≤ O(1 eV), we must suppose
02 from the quark mass phenomenology as we discuss later [see (3. 3)], the constraint (2.4) means a considerably low κ value (κ ≡ Λ R /Λ L ). Since the model predicts [2, 6] the fourth up-quark t ′ with its mass m t ′ ∼ Λ R and visible flavor-changing neutral currents (FCNC) effects for a model with a low κ value, the present scenario (Scenario A) is very interesting from the phenomenological point of view, although the mass generation mechanism with
There is another scenario (Scenario B) [7] : Since the heavy fermions N are singlets of SU (2) 
If we want the neutrino masses m ν ≤ O(1 eV), we must assume
For example, Shafi and Wetterich [8] and Rajpoot [9] have considered an O(10) model and an SO(10) model, respectively, with the symmetry breakings SO (10) GeV is consistent with the low energy phenomenology. The value Λ R ∼ 10 9 GeV is favorable to the scenario B for neutrino sector. Also, from the theoretical point of view, the scenario B is very attractive because it is plausible that neutral heavy leptons N acquire not only the Dirac masses but also the Majorana masses at the energy scale Λ S . We summarize two scenarios in Table III . One of our interests in the present paper is to see which scenario is preferable to the evolution which can satisfy the requirement (1.8).
Evolution of the gauge coupling constants
The evolutions of the gauge coupling constants
where α i ≡ g 2 i /4π, t = ln µ and the coefficients b i are given in Table IV . (Note that the heavy fermions F L and F R except for U L3 and U R3 are decoupled for µ ≤ Λ S and the fermions u R3 and U L3 are decoupled for µ ≤ Λ R .)
Here, we regard the energy scales Λ L , Λ R and Λ S as The embedding of SU (3) c ×SU(2) L ×SU(2) R ×U(1) Y into a grand unification group G has been investigated by many authors (for a review, see Ref. [12] ). However, in the present model, there are additional fermions F . If the symmetries SU(3) c ×SU(2) L ×SU(2) R ×U(1) Y should be unified at µ = Λ GU T , the coupling constants α s (µ) and α L (µ) must, at least, satisfy α s = α L at the energy scale Λ GU T . The evolution of α s (µ) is characterized by the coefficients b This means that if α s (µ) does not intersect with α L (µ) at µ ≤ Λ S , the both curves never cross each other at µ > Λ S , so that the energy scale Λ GU T must be lower than Λ S or equal to Λ S . For example, when we identify Λ GU T as Λ S , we find 6) from the numerical study with the constraints (3.3) and α R (Λ R ) = α L (Λ R ). The case is illustrated in Fig. 2 . Thus, there are a possibility that the gauge groups SU(3) c , SU(2) L and SU(2) R are unified into a grand unification group G at µ = Λ S = 3 × 10 17 GeV. However, it is not likely that the U(1) Y gauge group is also embedded into the group G because the ratio
4. Evolution of y L y R /y S Now, we investigate the behavior of the ratio
which corresponds to the ratio R(µ) in (1.8) , where
and Z and Y F are defined by (1.2)-(1.3) (of course, they also depend on µ). The evolutions of y L (µ) and y R (µ) are given by equations which are similar to those [13] for the standard model with one Higgs boson, as far as the one-loop results are concerned, because we can consider (f L , F R ) and (f R , F L ) instead of (f L , f R ) in the standard model: What is of great interest to us is to see whether the evolutions can explain the value R(m Z ) ≃ 3 or not, i.e., our interest exists not in the hierarchy among m e , m µ and m τ , but in the hierarchy among up-quark, down-quark, charged lepton and neutrino sectors. Therefore, we neglect the scale-dependency of the matrix Z, because we can regard the value of z 3 as z 3 ≃ 1 from (1.5). (For ideas for the origin of the hierarchical values of z i in the context of seesaw mass matrix models, for example, see Ref. [14] .) On the other hand, the forms of Y E =diag (1, 1, 1) and Y U =diag (1, 1, 0) are scale-invariant and the form of Y D =diag (1, 1, 1 + 3b d ) is also approximately scale-independent. Therefore, we can also neglect the scaledependence of Y F . Then, the evolution of the ratio R(µ) is approximately given by 4) where The G-and H-terms are given in Table V . Since in the present model, |y (4.4). When we also neglect the H S -terms, the ratio R(µ) is approximately evaluated as follows: 8) for the regions I, II and III, respectively. By using (4.6)-(4.8), we can obtain the energy scale µ = Λ Y U at which the ratio R(µ) takes R(Λ Y U ) = 1.
In Fig. 3 , we illustrate the behavior of Λ Y U for a given value of Λ R . For reference, we also illustrate the behavior of Λ ∞ B , at which α
The value of Λ Y U must be lower than the value of Λ ∞ B . Therefore, as seen in Fig. 3 , if we adhere to the constraint α R (Λ R ) = α L (Λ R ), we must abandon a model with a higher κ value (κ > 10
2 ). Only a model with κ ∼ 10 is acceptable. However, if we admit a strong coupling of the right-handed weak bosons at µ = Λ R , for example, α R (Λ R ) ≥ 1/4π, a model with a higher κ value also becomes acceptable. Of course, from a similar study, we can find that the evolution of
Therefore, the parametrization (1.7) is justified.
Concluding remarks
In conclusion, we have investigated the evolution of the universal seesaw mass matrix model with a special matrix form which is given by Eqs. (1.2) and (1.3) in the framework of SU (3) 
The model has a possibility that the SU(3) c ×SU(2) L ×SU(2) R symmetries, except for U(1) Y , are embedded into a unification group G, because coupling constants take
GeV (i.e., Λ R = 6 × 10 15 GeV). However, such a high κ model cannot yield our
Even if we give up the embedding of SU(3) c into G, i.e., we loosen the
5 GeV is ruled out, so that only the model with Λ R ∼ 10
GeV is acceptable. Therefore, the scenario B for neutrinos is also ruled out. If Λ R ∼ 10 3 GeV, we will observe visible t ′ and FCNC effects [6] in the near future colliders. If we do not adhere a grand unification scenario of SU (3) c ×SU(2) × SU(2) R × U(1) Y , a model with a higher κ value is also acceptable as seen in Fig. 3 . Then, from the point of view of the neutrino phenomenology, a model with Λ R ∼ 10
10
GeV [15] is attractive. However, then, we must accept a large value of α R (Λ R ), for example, α R (Λ R ) ≥ 1/4π.
As seen from the behavior of Λ ∞ B in Fig. 3 , the treatment of U (1) Y is a stumbling block in the present model. Since our heavy fermions F have U(1) Y charges, the U(1) Y gauge force rapidly becomes strong at a higher energy scale. This obstructs that we build a model with Λ GU T = Λ Y U .
Our numerical results have been obtained by the constraint Λ R /Λ S = 0.02 which has come from the observed ratio of m c /m t under the special model with (1.2) and (1.3). Since the ratio Λ R /Λ S is fixed by the ratio m c /m t as far as universal seesaw models with detM U = 0 are concerned, the value of the ratio Λ R /Λ S seems to be of the order of 10 −2 . Therefore, our conclusions will be unchanged as far as the orders are concerned. However, if we consider a different structure of gauge symmetries at µ ≥ Λ S , we will be able to see a new view of the evolutions.
In the present paper, we have not discussed a SUSY version of the present model, although the case is attractive from the point of view of the grand unification. In such a SUSY version, since the coefficient 8α s in G-terms in (8.4) [also in Table V ] is changed for (16/3)α s , the case push the energy scale Λ Y U to an unlikely ultra-high energy scale (> 10 23 GeV). If we want to adopt a SUSY version of the present model, we must abandon the idea of the unification of the Yukawa coupling constants (2.2). Table I . Mass hierarchy of the fermions f and F . For neutrino sector, see Table III . Table II . Quantum numbers of the fermions f and F and Higgs scalars φ L , φ R and Φ. Table III . Fermion mass hierarchy in the neutrino sectors. In the scenario B, the heavy neutrinos N ± are defined by
Energy scale Table IV . Coefficients in the evolution equations of gauge coupling constants. 
